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Abstract 
 The solution to the riddle of how a protein folds is encoded in the conformational 
energy landscape for the constituent polypeptide. Employing fluorescence energy transfer 
kinetics, we have mapped the S. cerevisiae iso-1 cytochrome c landscape by monitoring the 
distance between a C-terminal fluorophore and the heme during folding. Within 1 ms after 
denaturant dilution to native conditions, unfolded protein molecules have evolved into two 
distinct and rapidly equilibrating populations: a collection of collapsed structures with an 
average fluorophore-heme distance (r) of 27 Å and a roughly equal population of extended 
polypeptides with r > 50 Å. Molecules with the native fold appear on a timescale regulated 
by heme ligation events (~300 ms, pH 7). The experimentally derived landscape for folding 
has a narrow central funnel with a flat upper rim on which collapsed and extended 
polypeptides interchange rapidly in a search for the native structure. 
     Nonnative states of proteins are involved in a variety of cellular processes, including 
translocation of proteins across membranes and formation of amyloid fibrils. Probes that 
report on the structural heterogeneity of a polypeptide ensemble could resolve ambiguities in 
the classification of these states. We have shown that added anions shift the equilibrium 
between the compact and extended polypeptide structures that are present during refolding of 
Saccaromyces cerevisiae iso-1 cytochrome c. Specifically, at high salt concentrations (≥ 700 
mM), all the polypeptides are compact with a mean C-terminal fluorophore-heme separation 
quite close to that in the native protein (25 Å). Addition of chemical detaturants, on the other 
hand, tends to shift the equilibrium towards unfolded structures. 
 Folding of modified Fe(II) cyt c was probed by fluorescence in presence of imidazole 
with NADH as photochemical sensitizer. At very high imidazole concentrations (400 mM), 
 v
protein was still found to fold but the rate that coincides with Met80 ligation was slowed 
down significantly. 
 Reductive flash-quench/scavenge experiments, in which ascorbic acid was used to 
scavenge MeODMA•+, were shown to keep ferrocyt c reduced for up to 500 µs. Electron 
injection into unfolded modified yeast Fe(III)cyt c was fast in comparison to injection using 
NADH as photochemical sensitizer. The overall electron transfer process was reversible. 
This photoreduction system could be used to trigger folding of Fe(II) cyt c to monitor the 
changes in dansyl fluorescence intensity on µs time scales.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi
Table of Contents 
 
Acknowledgements…………………………………………..……………………………...iii 
 
Abstract………………………………………………………………………………………iv 
 
List of Figures …………..…………………………………………………………………...xi 
 
List of Tables……………………………………………………………………………...xviii 
 
Chapter 1. Thesis Overview ……………………………………………………………...1 
 
Chapter 2. Preparation, Characterization and Steady-State Properties of   
  DNS-cytochromes c …………………...……………………………………...4 
  
 INTRODUCTION ……………………………………………………………………5 
 BACKGROUND……………………………………………………………………...9 
  Saccharomyces cerevisiae iso-1 cytochrome c (cyt c)………………………..9 
  Fluorescence Energy Transfer (FET) …………………………………………9 
 MATERIALS AND METHODS…………………………………………………….12 
  General……………………………………………………………………….12 
  Protein Derivatization (DNS(C102)-cyt c)…………………………………..13 
  Model Compound (1,5 NAC-AEDANS) Synthesis…………………………13 
  Cysteine Mutants of Cytochrome c…………………………………………..14 
 vii
   Protein Expression, Purification and Modification  
   (Yeast Expression System)…………………………………………..14 
   Protein expression and purification  
   (E. coli expression sysytem)…………………………………………16 
  Preparation of GuHCl Solutions……………………………………………..17 
  Equilibrium Unfolding……………………………………………………….17 
  Denatured State pH Titration of Heme-Histidine Ligation…………………..18 
  Thermal Unfolding…………………………………………………………...19 
  Förster Distance……………………………………………………………...19 
  FET Kinetics……………….………………………………………………...19      
  Data Analysis………………………………………………………………...20 
   Equilibrium Unfolding……………………………………………….20 
   FET Kinetics………………………………………….……………...22 
 RESULTS AND DISCUSSION……………………………………………………..23 
  Model Compound (1,5 NAC-AEDANS) Characterization …………………23 
  Preparation and Characterization of DNS-cytochromes c…………………...27 
   DNS(C102)-cyt c…………………………………………………….27 
   DNS(C39)-cyt c……………………………………………………...27 
   DNS(C85)-cyt c……………………………………………………...33 
   DNS(C8)-cyt c……………………………………………………….34 
  Denatured State pH Titration of Heme-Histidine Ligation of DNS(C102)- 
  cyt c…………………………………………………………………………..36 
  Thermal Stability…………………………………………………………….36 
 viii
  Equilibrium Unfolding Curves………………………………………………41 
  FET Kinetics…………………………………………………………………49 
   The Förster Distance…………………………………………………49 
   DNS(C102)-cyt c…………………………………………………….50 
   DNS(C85)-cyt c……………………………………………………...53 
   DNS(C39)-cyt c……………………………………………………...56 
  Fluorescence Anizotropy Measurements…………………………………….59 
 CONCLUSIONS…………………………………………………………………….61 
 Supporting Information………………………………………………………………62
 REFERENCES AND NOTES……………………………………………………….65 
 
Chapter 3. Refolding Kinetics of DNS(C102)-cyt c……………………………………..68
   
 INTRODUCTION…………………………………………………………………...69 
 MATERIALS AND METHODS…………………………………………………….70 
   Fluorescence Decay Kinetics……………………………………………......70 
  Refolding Kinetics…………………………………………………………...71 
   Data Analysis……………………………………………………………......71 
 RESULTS …………………………………………………………………………...73 
  Refolding Kinetics…………………………………………………………...73 
 DISCUSSION………………………………………………………………………..84 
 CONCLUSIONS…………………………………………………………………….88 
 Supporting Information………………………………………………………………90  
 ix
REFERENCES AND NOTES……………………………………………………….93 
 
Chapter 4.  Refolding Kinetics of DNS-E(C85)-cyt c……………………………………97 
  
 INTRODUCTION…………………………………………………………………...98 
 MATERIALS AND METHODS…………………………………………………….99 
 RESULTS…………………………………………………………………………..101 
  DNS-E(C85)-cyt c Expression, Purification and Modification…………….101 
  DNS-E(C85)-cyt c Refolding Kinetics……………………………………..102 
 DISCUSSION………………………………………………………………………103 
 REFERENCES AND NOTES……………………………………………………...106 
 
Chapter 5.  Structural Features of the Cytochrome c Molten Globule Revealed by  
  Fluorescence Energy Transfer Kinetics…………………………………….107 
 
 INTRODUCTION………………………………………………………………….108 
  Molten Globule of Cytochrome c…………………………………………..109 
 MATERIALS AND METHODS…………………………………………………...110 
  Circular Dichroism………………………………………………………….110 
  Thermal Denaturation………………………………………………………110 
  Small-angle X-ray Scattering (SAXS)……………………………………...111 
  Fluorescence Decay Kinetics……………………………………………….111 
 RESULTS AND DISCUSSION……………………………………………………112 
 x
  Circular Dichroism………………………………………………………….112 
  Absorption Spectroscopy…………………………………………………...113 
  Thermal Denaturation………………………………………………………114 
  Small-angle X-ray Scattering (SAXS)……………………………………...115
  Fluorescence Decay Kinetics……………………………………………….117      
 CONCLUSIONS…………………………………………………………………...121 
REFERENCES AND NOTES…………...………………………………………...123 
 
Appendix. ………………………………………………………………………………….127 
 
 INTRODUCTION………………………………………………………………….128 
 MATERIALS AND METHODS…………………………………………………...129 
  General……………………………………………………………………...129 
  Electron-transfer Triggered Folding/Unfolding…………………………….129 
  Folding DNS(C102)-cyt c in Presence of Imidazole, Followed by   
  Fluorescence………………………………………………………………..131 
  Transient Difference Absorption Spectroscopy…………………………….131 
 RESULTS AND DISCUSSION……………………………………………………133 
  Folding DNS(C102)-cyt c in Presence of Imidazole, Followed by   
  Fluorescence………………………………………………………………..133 
  Reductive Flash-Quench-Scavenge experiments…………………………...135 
 REFERENCES AND NOTES……………………………………………………...143 
 
 
 xi
List of Figures 
 
Chapter 2 
Preparation, Characterization and Steady-State Properties of DNScytochromes c 
 
Figure 2.1 Saccharomyces cerevisiae cytochrome c……………………………………...6 
Figure 2.2 Saccharomyces cerevisiae cytochrome c cysteine mutants…………………...7 
Figure 2.3  Schematic representation of the relationship between polypeptide  
  conformations and fluorescence decay kinetics. ……………………………...8  
Figure 2.4 Dependence of energy transfer efficiency on critical length r0……………...11 
Figure 2.5 Model compound: 1,5 NAC-AEDANS……………………………………...24 
Figure 2.6 1,5 NAC-AEDANS; (a) electrospray MS; (b) c18 reversed phase HPLC…..25 
Figure 2.7 1, 5 NAC – AEDANS; (a) absorption spectrum; (b) fluorescence   
  spectrum……………………………………………………………………...26 
Figure 2.8 Ion-exchange chromatogram for the purification of DNS(C102)-cyt c. …….28 
Figure 2.9 Absorption spectrum of DNS(C102)-cyt c…………………………………..28 
Figure 2.10 PPMAL of DNS(C102)-cyt c (Mr = 13015.9)……………………………….29 
Figure 2.11 Ion-exchange chromatogram for the purification of (C39)-cyt c…………….30 
Figure 2.12 Electrospray MS. (C39)-cyt c. Mr =  12,673………………………………...31 
Figure 2.13 Electrospray MS. (C39)-cyt c. N-acetylated. Mr =  12,715………………….31 
Figure 2.14 Ion-exchange chromatogram for the separation of DNS(C39)-cyt c………...32 
Figure 2.15 Electrospray MS. DNS(C39)-cyt c. Mr =  12,979.8…………………………32 
Figure 2.16 Ion-exchange chromatogram for the separation of DNS(C85)-cyt c………...33 
Figure 2.17 Electrospray MS. DNS(C85)-cyt c. Mr =  13,002…………………………...34 
 xii
Figure 2.18 Ion-exchange chromatogram for the separation of DNS(C8)-cyt c………….35 
Figure 2.19 Electrospray MS. DNS(C8)-cyt c. Mr =  13,012 ……………………………35 
Figure 2.20 pH dependence of the visible absorption spectrum of denatured   
  DNS(C102)-cyt c. (a) Soret band region. (b) Q-band region………………..37 
Figure 2.21 Titration of heme-histidine ligation in the denatured state for DNS(C102)- 
  cyt c…………………………………………………………………………..37 
Figure 2.22 CD melting curves for (a) DNS(C102)-cyt c and (b) C102S cyt c…………..38 
Figure 2.23 CD melting curves for (a) DNS(C39)-cyt c and (b) C102S cyt c……………39 
Figure 2.24 CD melting curves for (a) DNS(C85)-cyt c and (b) C102S cyt c……………40 
Figure 2.25  Absorption spectral changes during unfolding of DNS(C102)-cyt c and an  
  unfolding of DNS(C102)-cyt c monitored by DNS fluorescence intensity….42 
Figure 2.26 Equilibrium unfolding data for DNS(C102)-cyt c. (a) Unfolding curve; (b) 
  Plot of ∆Gf vs. [GuHCl]……………………………………………………...43 
Figure 2.27 Equilibrium unfolding data for DNS(C85)-cyt c. (a) Unfolding curve; (b) Plot 
  of ∆Gf vs. [GuHCl]…………………………………………………………..45 
Figure 2.28 Equilibrium unfolding data for DNS(C39)-cyt c. (a) Unfolding curve; (b) Plot 
  of ∆Gf vs. [GuHCl]…………………………………………………………..47 
Figure 2.29 Emission of DNS label and absorption spectra of DNS label and heme..…...50 
Figure 2.30 Lifetimes observed during equilibrium unfolding of DNS(C102)-cyt c…….51  
Figure 2.31 GuHCl induced changes in the distribution of luminescence decay rates  
  (P(k), right) and D-A distances (P(r), left) in DNS(C102)-cyt c (pH 7,  
  22°C). Kinetics data fit using ME algorithm………………………………...52 
 xiii
Figure 2.32 DNS fluorescence decay kinetics measured during equilibrium unfolding of 
  DNS(C85)-cyt c……………………………………………………………...54 
Figure 2.33 GuHCl induced changes in the distribution of luminescence decay rates  
  (P(k), right) and D-A distances (P(r), left) in DNS(C85)-cyt c (pH 7,  
  22°C). Kinetics data fit using ME algorithm………………………………...55 
Figure 2.34 DNS fluorescence decay kinetics measured during equilibrium unfolding of 
  DNS(C39)-cyt c……………………………………………………………...57 
Figure 2.35 GuHCl induced changes in the distribution of luminescence decay rates  
  (P(k), right) and D-A distances (P(r), left) in DNS(C39)-cyt c (pH 7, 22°C). 
  Kinetics data fit using ME algorithm……..………………………………….58 
 
Supporting Information 
 
Figure S.2.1 GuHCl induced changes in the distribution of luminescence decay rates  
  (P(k), right) and D-A distances (P(r), left) in DNS(C102)-cyt c (pH 7, 22°C). 
  Kinetics data fit using LSQNONNEG algorithm…...……………………….63 
Figure S.2.2 GuHCl induced changes in the distribution of luminescence decay rates  
  (P(k), right) and D-A distances (P(r), left) in DNS(C102)-cyt c (pH 7, 22°C). 
  Kinetics data fit using biexponential algorithm……………………………...64 
 
 xiv
 
Chapter 3 
Refolding Kinetics of DNS(C102)-cyt c 
 
Figure 3.1 Time dependence of DNS fluorescence intensity during DNS(C102)-cyt c  
  refolding. Superimposed (circles) are the fractions of unfolded protein  
  from FET kinetics measurements……………………………………………74 
Figure 3.2 Time dependence of DNS fluorescence intensity during DNS(C102)-cyt c  
  refolding……………………………………………………………………...75 
Figure 3.3 DNS fluorescence decay kinetics measured at the indicated times after  
  initiation of DNS(C102)-cyt c refolding……………………………………..77 
Figure 3.4 Evolution of the distributions of luminescence decay rates (P(k)) and D-A  
  distances (P(r)) in DNS(C102)-cyt c ([GuHCl] = 0.13 M, pH 7, 22°C, ∆ is 
  the mixing deadtime). Kinetics data fit using ME algorithm……….………..78 
Figure 3.5 Evolution of the distributions of luminescence decay rates (P(k)) and  
  D-A distances (P(r)) in DNS(C102)-cyt c ([GuHCl] = 0.5 M, pH 7, 22°C,  
  ∆ is the mixing deadtime). Kinetics data fit using ME algorithm…………...80 
Figure 3.6 Evolution of the distributions of luminescence decay rates (P(k)) and D-A  
  distances (P(r)) in DNS(C102)-cyt c ([GuHCl] = 0.8 M, pH 7, 22°C, ∆ is  
  the mixing deadtime). Kinetics data fit using ME algorithm………………...81 
Figure 3.7 Evolution of the distributions of luminescence decay rates (P(k)) and D-A  
  distances (P(r)) in DNS(C102)-cyt c ([GuHCl] = 0.13 M, [im] = 0.15 M,  
 xv
  pH 7, 1°C, ∆ is the mixing deadtime). Kinetics data fit using ME   
  algorithm……………………………………………………………………..83 
Figure 3.8 Idealized representations of the DNS(C102)-cyt c folding landscape……….85 
 
Supporting Information 
 
Figure S.3.1 Evolution of the distributions of luminescence decay rates (P(k)) and D-A  
  distances (P(r)) in DNS(C102)-cyt c ([GuHCl] = 0.13 M, pH 7, 22°C, ∆  
  is the mixing deadtime). Kinetics data fit using LSQNONNEG algorithm…91 
Figure S.3.2 Evolution of the distributions of luminescence decay rates (P(k)) and D-A  
  distances (P(r)) in DNS(C102)-cyt c ([GuHCl] = 0.13 M, [im] = 0.15 M,  
  pH 7, 1°C, ∆ is the mixing deadtime). Kinetics data fit using LSQNONNEG 
  algorithm……………………………………………………………………..92 
 
Chapter 4 
Refolding Kinetics of DNS-E(C85)-cyt c 
 
Figure 4.1 Ion-exchange chromatogram for the separation of DNS-E(C85)-cyt c…….101 
Figure 4.2 Electrospray MS. DNS-E(C85)-cyt c. Mr =  12,974……………………….102 
Figure 4.3 Evolution of the distributions of luminescence decay rates (P(k)) and D-A  
  distances (P(r)) in DNS-E(C85)-cyt c ([GuHCl] = 0.16 M, pH 7, 22°C, ∆  
  is the mixing deadtime). Kinetics data fit using ME algorithm. …………...105 
  
 xvi
Chapter 5 
Structural Features of the Cytochrome c Molten Globule Revealed by Fluorescence Energy 
Transfer Kinetics 
 
Figure 5.1 Far- and near-UV CD spectra of DNS(C102)-cyt c at  22°C: the native  
  state, molten globule state, and acid-denatured state……………………….112 
Figure 5.2 Soret and Q-band absorption spectra of DNS(C102)-cyt c at 22°C: pH 7  
  native state; molten globule state; and acid-unfolded state………………...113 
Figure 5.3 Plot of fraction denatured versus temperature for the A↔D transition of  
  DNS(C102)-cyt c…………………………………………………………...114 
Figure 5.4 Synchrotron SAXS patterns for the pH 7 native and pH 2 acid-unfolded  
  yeast iso-1 cytochrome c……………………………………………………116 
Figure 5.5 Kratky plot of yeast iso-1 cytochrome c: native state; molten globule state; 
  and acid unfolded state……………………………………………………...119 
Figure 5.6 Radii of gyration calculated from Guinier plots plotted against the protein  
  concentration for native state; molten globule state; and acid unfolded  
  state of yeast iso-1 cytochrome c…………………………………………...120 
Figure 5.7 Na2SO4 induced changes in the distribution of the luminescence decay  
  rates (P(k)) and D-A distances (P(r)) in DNS(C102)-cyt c. Kinetics data fit 
  using ME algorithm………………………………………………………...122 
 Figure 5.8 Fraction of compact (r < 35 Å) and extended (r >35Å) distributions as a  
  function of Na2SO4 concentration…………………………………………..123 
 xvii
Appendix 
 
Figure A.1 Thermodynamic cycle showing a relationship between folding free  
  energies and thermodynamic potentials in a redox protein………………...130 
Figure A.2 Scheme of photoinduced reduction of DNS(C102)-cyt cIII with NADH as  
  photochemical sensitizer; transient fluorescence kinetics of DNS(C102)- 
  cyt c…………………………………………………………………………134 
Figure A.3 Reductive quenching scheme; kinetic trace for the decay of Ru(bpy)32+*  
  triplet excited state in presence of MeODMA……………………………...136 
Figure A.4 Transient absorption kinetics monitored after excitation DNS(C102)-cyt c, 
  Ru(bpy)32+, MeODMA (all in ~2.8 M GuHCl)…………………………….138 
Figure A.5 Photoinduced reduction of DNS(C102)-cyt cIII; scheme and transient  
  absorption kinetics………………………………………………………….139 
Figure A.6 Reoxidation of DNS(C102)-cyt cIII; transient absorption kinetics…………140 
Figure A.7 Em,7 as a function of [GuHCl] for DNS(C102)-cyt c, horse heart cyt c and  
  yeast iso-1 cyt c……………………………………………………………..141 
 
 
 
 
 
 
 
 xviii
List of Tables 
 
Chapter 2 
Preparation, Characterization and Steady-State Properties of DNS-cytochromes c 
 
Table 2.1 Thermodynamic parameters for DNS(C102)-cyt c, DNS(C85)-cyt c and  
  DNS(C39)-cyt c……………………………………………………………...49 
 
Chapter 3 
Refolding Kinetics of DNS(C102)-cyt c 
 
Table 3.1 Observed lifetimes and amplitudes for DNS(C102)-cyt c refolding as a  
  function of final [GuHCl]……………………………………………………76 
 
Chapter 5 
Structural Features of the Cytochrome c Molten Globule Revealed by Fluorescence Energy 
Transfer Kinetics 
 
Table 5.1 Radii of gyration for S. cerevisiae iso-1 and horse heart cytochrome c……117 
 
Appendix 
Table A.1 Dependence of DNS(C102)-cyt c folding rates on imidazole   
  concentration………………………………………………………………..135 
 xix
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To 
 
my son David Gregory Shane 
 
and 
 
my entire family 
 
 
 
